ABSTRACT
INTRODUCTION
An exceedance of the reference levels, which are defined by the ICNIRP (International Commission on Non-Ionizing Radiation Protection 1998 [5] ), may occur in the frequency range up to 100 kHz especially if high nonsinusoidal currents are considered. One aim of ICNIRP is to limit the potential health hazards of exposure to non-ionizing radiation [5] , [6] . Harmonics emerge as a result of a non-linear characteristic between voltage and current. For example appliances which produce current harmonics are transformers, inductors, locomotives, power electronic appliances and arc furnaces. In particular the current harmonic content up to the nyquist frequency (sampling theorem) is of interest. The treatment of the human cell membrane, which is the base for the following calculation approach, is built on the SENN-model (spatially extended nonlinear nodal, Reilly 1998) [3] . Within a certain frequency range the cell membrane can be approximately characterized by a first order low-pass filter in which the pulse response follows the time dependent course of the capacitors voltage in the RC circuit. The appropriate RC circuit is defined by the time constant τ=RC=194 µs with an associated cut off frequency f c of 820 Hz for occupational exposure and 800 Hz for exposure of the general public [1] . After passing a stimulus threshold the reaction of the cell membrane is described with non-linear differential equations (Frankenhaeuser and Huxley, FH-equations) [3] . The classical approach that does not consider the phase of the harmonics is shown in equation (1) . The evaluation of the magnetic field strength deviates from the existing rules for calculating the exposure to the magnetic field strength H [1] , [4] . In the implemented algorithm H ν is commonly used as the effective value of the magnetic field strength (see equation (2)).
I ν current at frequency ν in A r radius of the cirque conductor loop in m Due to the linearity between magnetic field strength H ν and the current I ν (constant denominator 2rπ) I ν can be used instead of the magnetic field strength H ν in the following.
ALGORITHM
The basic requirement for the weighting algorithm is the useability of different continuous signals which are measured in praxis and have to be sampled with high sampling rates based on IEC 61000-4-7 that defines the standard for evaluating current harmonics [2] . The algorithm can be subdivided in following parts which are listed in the flow chart in Figure 1 . After the initial step of the algorithm the signal is filtered with a low-pass filter as mentioned above. The first order low-pass represents the equivalent circuit of a part of the human cell membrane. The measured signals are not ideal and show dynamic characteristics. Due to this fact the zerocrossings do not appear with constant cycle duration and the detection of the zero-crossings has to be implemented to guarantee a correct frequency spectrum analysis. In the following step the signal is windowed with a rectangular shaped window [8] . This shape is chosen because the samples are weighted equal and the method also provides the best frequency resolution. The initial window starts at the first detected zero-crossing. The length of the window is proposed by IEC 61000-4-7 with 0.1 to 0. Although the sampling frequency is predefined with 10,000 Hz by IEC; the algorithm should be able to handle signals with certain sample rates. The first zero crossing after passing the window length is defined as the end point of the initial window. The second window starts at the end point of the first window and the end point of the second window is the zero crossing which exceeds the proposed window length. It is also noteworthy that IEC allows gaps between the windows [2].
After windowing the Fourier analysis (DFT) is executed.
The Fourier analysis provides the amplitude spectrum and the phases of the harmonics up to a specified order, which are relevant for calculating the weighting functions published by ICNIRP [1] . The phases of the harmonics are referred to the phase of the fundamental frequency. Due to IEC the difference between the phases of the fundamental frequency of two windows is not allowed to exceed 0.03 % [2]. Otherwise the reconciliation of the phases is necessary. For that reason the length of the window is shortened and elongated. Afterwards the phase of two windows is compared again and the window with the smallest deviation is taken for further consideration.
The most significant step in the algorithm is the calculation of the weighting functions. For calculating three different approaches are recommended. As described in equation (2) the current I ν is used instead of the magnetic field strength. Because of the linearity A ν [1] can be replaced by I ν (see equation (3)).
The first approach [1] includes the general multiply frequency rule (see equation (4)):
A ν effective value of the spectral value of the current at the ν-th frequency (WF) ν weighting function where the magnitude is equal to the inverse of the peak reference level of the magnetic field strength at the ν-th frequency
The second approach [1] takes the real phase into account. The real phase φ ν is obtained from the frequency-response characteristic.
( )
The third approach [1] takes a simplified phase consideration into account.
Based on ICNIRP [1] the simplified phase follows the idealised assumptions [7] (see equation (6b) and (6c)):
For frequencies up to the cut off frequency f c the phase is fixed on zero. After passing the cut off frequency f c the phase is generalized by -π/2 [1] .
ANALYSIS OF CURRENTS WITH HARMONICS
In the following analysis the values used for the cut off frequency f c and the reference levels are based on occupational exposure. The values for general exposure can be calculated analogously.
Test Current
A synthetically constructed signal with a fundamental frequency of 50 Hz (see Figure 2) is generated by equation (7) and analysed without filtering and with filtering. The obtained values can be taken from Table 1 . 
Because of the idealised run of the signal searching for zero crossings and the reconciliation of the phase are not necessary. The trend of the three mentioned weighting functions (equations (4), (5), and (6a)) is computed and lead to several results. In the first run the result only for the 1 st harmonic is calculated. The harmonic order is increased from run to run and the results are displayed in Figure 3 . Figure 3 shows that the results of equation (4) The results of equation (6a) with idealised phase produce a similar trend until the 16 th harmonic (cut off frequency) is passed and then the results decrease. The results of equation (5) with real phase also rise with the harmonic order but produce lower results than the weighting function without consideration of phase. As can bee seen in Figure 3 the unfiltered signal shows a similar trend as the filtered signal until the cut off frequency. Passing the cut off frequency, the difference between the two signals (filtered and unfiltered) increases.
Real Measured Currents
The analysed signals are based on measurements of currents of a 15 kV overhead line (16.7 Hz) and on currents of an arc furnace (50 Hz). The obtained results are represented below. 
RESULTS

kV Power Line Current
The weighting functions of the measured signal are calculated as described in the chapter "Algorithm" and the results are shown in Figure 6 . The highest regarded harmonic order depends on the sampling frequency and furthermore on the nyquist frequency (half of sampling frequency). In that case the maximum regarded harmonic order is the 61 st . Figure 6 shows that the results of the phase less weighting function rise with the harmonic order. The trend of the idealised and real phase weighting functions illustrates that the results depend on the harmonic order and on the cosine of the phase. Real phase -filtered signal Idealised phase -filtered signal Without phase -filtered signal Figure 7 : Results of the three different weighting functions for a low-pass filtered arc furnace current Figure 7 shows the phaseless weighting function rising with the harmonic order. However unlike the divergence in Figure 6 the idealised and real phase functions produce a similar trend. Also in this particular case the results depend on the maximum regarded harmonic order and on the cosine of the phase.
DISCUSSION
Considering currents with harmonics usually lead to an overvalued weighting of exposure of people to the magnetic field strength by summarizing the different signals without regarding the phase as mentioned by ICNIRP [1] . The phase dependent weighting functions (idealised and real) produce lower values than the classical phaseless approach (60 % overweighting with the classical phaseless approach in the case of 16.7 Hz HV power line and approximately 30 % in the case of a high power arc furnace, 50 Hz). The obtained results depend on the maximum regarded harmonic order, the cosine of the phase and moreover on the actual value of the harmonic. The interpretation of various signals shows that the summarization of current harmonics in accord with equations (5) and (6a) (real and idealised weighting functions) imply that a detailed consideration till the 19 th current harmonic is necessary. After passing the 19 th harmonic order the result of the equations that contain the phase show a minimal increase of the results (exemplarily obvious in Figure 6 and Figure 7) . Furthermore even there is no difference of phase between the harmonics -as depicted with the synthetic signal -it is sufficient to calculate the reference value consumption with the classical approach up to the 19 th harmonic. This already leads to an exposure that contains a safety margin in the assessment compared to the two other approaches.
